The medicinal properties of functionally active organosulfur compounds have received great attention for applications in treating various diseases. Thiacremonone (2,4-dihydroxy-2,5-dimethyl-thiophene-3-one, THIA) is a novel organosulfur compound generated from high-temperature-high-pressure-treated garlic and has been reported to display pharmacological effects against various diseases. However, the role of THIA in bone resorbing cells was not reported. Herein, we have examined the pharmacological properties of THIA on osteoclast differentiation in primary cultured bone marrow macrophages (BMMs).
Introduction
Bone metabolism is a physiological process that maintains the skeleton by removing and replacing old bones. 1 An impaired osteoclast differentiation and function may cause osteoporosis, which is one of the most common bone diseases that can be characterized by decreased bone mass, increased bone fragility, and increased risk of fractures. [1] [2] [3] Bisphosphonates, receptor activator of NF-kB ligand (RANKL) inhibitor, and antiresorptives have been used in the main therapies based on increasing the bone mass in bone-destructive diseases. 4 However, their ability to repair or recover bone mass has only modest effects as well as the drugs are comparatively expensive, difficult to administer and have adverse effects. 5, 6 Therefore, it would be helpful to develop novel and effective anabolic agents that can directly inhibit osteoclast-mediated bone resorption.
Organosulfur compounds are known to possess medicinal properties and health benets of garlic as they exhibit biological activities such as anti-cancer, anti-neurological disease and anti-osteoarthritis activities. 7 Among them, we have been focusing on thiacremonone (2,4-dihydroxy-2,5-dimethylthiophene-3-one, THIA) isolated from heated garlic. Our studies have also demonstrated the effects of THIA as promising candidates for drugs in the treatment of cancer, arthritic diseases, neurological diseases, and liver diseases. [8] [9] [10] [11] However, the potential effects of THIA on bone remodeling and bone diseases have not yet been established.
Therefore, in the present study, we have investigated the pharmacological properties of THIA on in vitro cell system using primary mouse bone marrow macrophages (BMMs) and calvarial pre-osteoblasts.
Materials and methods

Extraction and characterization of thiacremonone
The structure of a sulfur compound isolated from garlic (thiacremonone) has been shown in Fig. 1A . Garlic (Allium sativum L.) was heated at a temperature of 130 C for 2 h. The heated samples were ground to a juicy form and then ltered on a Buchner funnel under a vacuum. Heated garlic juice was separated consecutively in a separating funnel using ethyl acetate. Isolated compounds from the ethyl acetate layer of the heated garlic juice were subjected to column chromatography on silica gel. This fraction containing thiacremonone was puried by preparative RP-HPLC on a Younglin SP930D Instrument.
12
Live subject statement
All the mice used in the present study were maintained in accordance to the National Institute of Toxicological Research of the Korea Food and Drug Administration guidelines for the humane care and use of laboratory animals. All experimental procedures in the current study were approved by Kyung Hee University Animal Care Committee (approval number: KHMC-IACUC 2015-002).
Primary culture of bone marrow macrophages, and osteoclast differentiation
Mouse bone marrow cells isolated by ushing the marrow space of femur and tibia from 5 weeks old mice were incubated overnight on culture dishes in a-MEM (Gibco Laboratories) containing 10% FBS (Gibco Laboratories) and antibiotics (100 units per mL penicillin G and 100 mg mL À1 streptomycin) at 37 C in a humidied atmosphere of 5% CO 2 and 95% air. Aer discarding the adherent cells, the oating cells were further incubated with mouse M-CSF (30 ng mL À1 ) on Petri dishes.
BMMs became adherent aer a 3 days culture and then the cells were differentiated into osteoclasts using mouse RANKL (100 ng mL À1 ) and M-CSF (30 ng mL À1 ) for 5 days.
Primary culture of mouse calvarial pre-osteoblasts, and osteoblast differentiation
Primary osteoblasts were isolated from the calvariae of 1 day-old ICR mice aer dissecting aseptically and treated with 0.2% collagenase-dispase enzyme solution (Sigma-Aldrich, St. Louis, MO). Cells (passage 0) were collected by centrifugation aer repeated digestions six times and cultured in a-minimum essential medium (a-MEM) (Gibco Laboratories, Grand Island, NY) without L-ascorbic acid supplemented with 10% fetal bovine serum (FBS), penicillin (100 units per mL), and streptomycin (100 mg mL À1 ) at 37 C in a humidied atmosphere of 5% CO 2 and 95% air. The cells were detached and reseeded at approximately 70-80% conuence, and then the cells (passage 1) were used for the experiments. 13 Osteoblast differentiation was induced by changing the osteogenic supplement medium (OS) containing 50 mg mL À1 L-ascorbic acid and 10 mM b-glycerophosphate when the cells were approximately 90% conuent. The medium was replaced every 2 days during the incubation period.
MTT assay
Cell toxicity was measured by 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT) assay to detect NADHdependent dehydrogenase activity.
14 Fiy microliters of MTT solution (5 mg mL À1 ) in 1X phosphate-buffered saline (PBS) was directly added to the cells, which was then incubated for 2 h to allow MTT to metabolize to formazan. Absorbance was measured at a wavelength of 540 nm using an enzyme linked immunosorbent assay (ELISA) reader (Beckman Coulter, Fullerton, CA).
Tartrate-resistant acid phosphatase (TRAP) staining
Aer BMMs were differentiated into osteoclasts for 5 days, the cells were xed with 4% formaldehyde for 15 min. The cells were washed and stained for TRAP using a leukocyte acid phosphatase cytochemistry kit (Sigma) as per the manufacturer's instructions. The TRAP-positive multinucleated cells (MNCs) containing three or more nuclei were counted as mature osteoclasts using a light microscope. Typically, cells were mostly TRAP-positive and mononuclear at 2 days aer induction with RANKL and TRAP-positive and multinuclear 2 or 3 d later. We considered mononuclear TRAP-positive cells to be preosteoclasts and multinuclear TRAP-positive cells to be mature osteoclasts as described earlier.
F-Actin-ring formation analysis
Osteoclasts were xed with 4% formaldehyde, permeabilized with 0.1% Triton X-100, and incubated with FITC-phalloidin (Invitrogen) for 30 min. Aer being washed with PBS, the cells were incubated with 1 mg mL À1 DAPI (Sigma-Aldrich) and washed three times and viewed on a uorescence microscope (Carl Zeiss, Oberkochen, Germany).
Alkaline phosphatase (ALP) activity ALP activity was measured via spectrophotometry. Cells were homogenized in 0.5 mL distilled water using a sonicator and centrifuged. The aliquots of cell homogenate were incubated with 15 mm p-NPP in 0.1 M glycine-NaOH (pH 10.3) at 37 C for 30 min. The reaction was stopped by adding 0.25 N NaOH. The absorbance was measured at 405 nm using an ELISA reader (Beckman Coulter).
Alizarin red S (ARS) staining
Aer 14 days of culture, cells were xed in 70% ice-cold ethanol for 1 h and rinsed with distilled water. Cells were stained with 40 mM Alizarin red S (pH 4.2) for 10 min with gentle agitation. The level of Alizarin red S staining was observed under light microscopy. Stains were eluted with 100% DMSO to quantify the amount of alizarin red staining and measured at 590 nm.
Quantitative real-time polymerase chain reaction (PCR) analysis
The total RNA of cells was extracted using TRIzol™ reagent (Life Technologies, Gaithersburg, MD) as per the manufacturer's instructions. RNA (1 mg) isolated from each sample was reversetranscribed using oligo (dT) 15 primers with AccuPower ® RT PreMix (iNtRON Biotechnology, Gyeonggi-do, South Korea). Next, the generated cDNAs were amplied with AccuPower® PCR PreMix (Bioneer Corporation, Daejeon, South Korea). For mRNA quantication, total RNA was extracted using the RNAqueous® kit, and cDNA was synthesized using 1 mg of total RNA with the high capacity RNA-to-cDNA kit (Applied Biosystems, Foster City, CA) according to the manufacturer's protocol. Quantitative real-time PCR was performed using a LightCycler® 1.5 System (Roche Diagnostics GmbH, Mannheim, Germany). Thermocycling conditions consisted of an initial denaturation of 10 s at 95 C, followed by 45 cycles of 95 C for 10 s, 60 C for 5 s and 72 C for 10 s. For the calculation of relative quantication, the 2 ÀDDCT formula was used, where
Statistical analysis
The data were analyzed using GraphPad Prism version 5 soware (GraphPad Soware, Inc., San Diego, CA). Data have been presented as the mean AE S.E.M. Statistical signicance was evaluated using one-way analysis of variance (ANOVA) and the differences were assessed by Dunnett's test. A value of P < 0.05 was considered to indicate statistical signicance.
Results
THIA does not affect cytotoxicity in BMMs and RANKLinduced osteoclastogenesis
To examine the potential effects of THIA (Fig. 1A) in osteoclast differentiation, the cell toxicity of THIA was determined in primary mouse bone marrow macrophages (BMMs) derived from mouse whole bone marrow cells. MTT assay showed no cytotoxic effects up to a concentration of 30 mM in BMMs (Fig. 1B) as well as under osteoclast differentiation for 3 and 5 days on using 100 ng mL À1 RANKL (Fig. 1C and D) .
THIA inhibits RANKL-induced osteoclast gene expression and TRAP (+) MNCs
To examine the effects of THIA on mRNA expression for osteoclast differentiation, BMMs were differentiated for 3 days using 100 ng mL À1 RANKL in the presence or absence of 10 mM and 30 mM THIA. As shown in Fig. 2A and B, THIA downregulated gene expression of c-Fos and NF-ATc1 (the initiation factor of osteoclast differentiation). On differentiation for 5 days by 100 ng mL À1 RANKL, osteoclastogenesis was analyzed using TRAP assays. The results have shown that THIA suppressed the TRAP-positive staining (Fig. 2C ) and the proportion of TRAPpositive multinucleated osteoclasts (MNCs) was compared to the number of nuclei (Fig. 2D) .
THIA inhibits RANKL-induced F-actin ring formation
F-Actin ring formation assay was carried out during RANKLinduced osteoclastogenesis since the change in the cytoskeletal structure was essential for bone resorptive functions of the osteoclasts. To investigate functional osteoclast activities, osteoclasts were stained with FITC-phalloidin and DAPI. Immunouorescence analysis via microscopy analyses revealed that THIA signicantly attenuated the F-actin ring formation by RANKL (Fig. 3A and B) . These results have suggested that THIA suppressed RANKLinduced osteoclastogenesis in primary cultured mouse BMMs.
THIA has no cytotoxicity in primary mouse calvarial preosteoblasts
To assess the potential effects of THIA in osteoblast differentiation, cell viability was examined in primary mouse calvarial pre-osteoblasts. MTT assays have shown that no cytotoxic effects were observed in the calvarial pre-osteoblasts (Fig. 4A ) as well as under osteoblast differentiation for 5 days in osteogenic supplement medium (OS) containing 50 mg mL
acid (L-AA) and 10 mM b-glycerophosphate (b-GP) (Fig. 4B) .
THIA does not affect osteoblast differentiation in the calvarial pre-osteoblasts
Next, we investigated the effects of THIA on osteoblast differentiation in the presence and absence of THIA. The effect of THIA on osteoblast differentiation was detected by measuring the ALP enzymatic activity as an early osteoblast differentiation marker. As shown in Fig. 5A , THIA did not affect the ALP activity. Next, the degree of mineralized nodule formation was determined for 14 days by measuring the ARS staining as a late osteoblast marker. Consistent with the effects on ALP activity, THIA had no inu-ence on the mineralized nodule formation (Fig. 5B) . The quantication of mineralized nodule formation statistically validated the effect of THIA on osteoblast differentiation (Fig. 5C ), suggesting that THIA has no effects on osteoblasts.
Discussion
Natural compounds, in particular organosulfur compounds, such as alliin, g-glutamyl-S-allylcysteine, S-methylcysteine sulfoxide, and S-allylcysteine, isolated from garlic, can be considered as potential pharmaceutical drug candidates to prevent and treat various diseases. 7 Our group has investigated an organosulfur compound, thiacremonone (THIA), isolated from heated garlic that demonstrated to be promising candidates for drugs in the therapy of cancer, arthritic diseases, neurological diseases and liver diseases.
8-11 Earlier, we have reported that 2,4,5-trimethoxyldalbergiquinol isolated from Dalbergia odorifera was used as a traditional herbal medicine aiding osteoblast differentiation and mineralized nodule formation. 16 In the present study, we have investigated the potential effects of THIA in primary mouse calvarial pre-osteoblasts and bone marrow macrophages (BMMs) for osteoblast and osteoclast differentiation since calvarial pre-osteoblasts and BMMs isolated from calvaria and bone marrow were widely used for osteoblast and osteoclast differentiation for in vitro assay system. 13, 15 In the present study, we have demonstrated the inhibitory effect of THIA on RANKL-induced osteoclastogenesis in the BMMs, regardless of osteoblast differentiation in the calvarial preosteoblasts.
Osteoclasts develop from monocyte-lineage hematopoietic precursors during a multistep differentiation process called osteoclastogenesis.
17 RANKL binds to its receptor RANK on immature osteoclast and precursor cells and induces transcription factors such as c-Fos and NFATc1.
18,19 c-Fos, which is induced by RANKL, plays an essential role in the initiation of osteoclast differentiation and is responsible for the expression of another critical regulator. [20] [21] [22] In c-Fos knockout mouse, NFATc1 is down-regulated, leading to an impaired osteoclast differentiation and function. 23 The results have shown that THIA markedly attenuates RANK-induced c-Fos and NF-ATc1 expressions. These data suggest that the RANKL-induced osteoclastogenesis is attenuated by THIA through the downregulation of c-Fos and NF-ATc1.
Osteoclasts are large multinucleated cells (MNCs) that resorb mineralized bone and have important roles in bone remodeling and skeletal morphogenesis. 17 In the present study, we have found that THIA suppressed TRAP-positive MNCs formation as well as F-actin ring formation by RANKL in BMMs. Consistently, RANKL-induced mature osteoclasts generated TRAP-positive MNCs and reorganized the actin cytoskeleton to attach to the bone surface and then resorbed the mineralized bone.
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Therefore, our results suggest that THIA suppresses RANKLinduced osteoclast differentiation and function via the inhibition of large multinucleated cell formation.
Osteoblast differentiation and the mineralized extracellular matrix formation are also involved in the bone formation. ALP is the early stage marker for osteoblast differentiation, and the mineralized nodule formation is the late stage marker for mature osteoblast. 26, 27 The results have shown that THIA did not inuence the ALP activity and mineralized nodule formation in the calvarial pre-osteoblasts, suggesting that THIA does not have pharmacological properties in osteoblast differentiation.
In conclusion, recent studies have indicated that functionally active components isolated from garlic have benecial effects in the treatment of various diseases, thereby having a wide range of applications. 7 The present study is the rst report for selective inhibition of RANKL-induced osteoclastogenesis by THIA via the downregulation of c-Fos and NF-ATc1 in primary cultures of BMMs, but not in mouse calvarial pre-osteoblasts. A schematic showing the effects of THIA on RANKL-induced osteoclastogenesis is shown in Fig. 6 . Therefore, these ndings suggest that THIA might be useful as an effective agent in the treatment of bone diseases such as osteoporosis, periodontal disease, and osteoarthritis. Furthermore, our data will be a foundation for further studies to determine roles underlying the effects and clinical applications of functionally active components isolated from garlic.
